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Abstract: 
The Nucleophosmin (Npm1) protein is a nucleolar protein found in jawed vertebrates. It is 
primarily involved in ribosome biogenesis. Recent studies have proposed a new role for this 
protein as a protective agent colocalizing with cellular aggregates like firefly luciferase and the 
mutant huntingtin protein during stress conditions. In this study, the behavior of Npm1 was 
investigated in the budding yeast S. cerevisiae by fluorescence microscopy to see if Npm1 
colocalizes or otherwise interacts with aggregates. I found that Npm1 redistributes to a 
subnuclear location after heat shock where it may colocalize with luciferase aggregates. 
HTTQ103, a mutant huntingtin protein, seems to interfere with this process. These experiments 
could be the first of many in the model organism S. cerevisiae investigating the behavior of 
Npm1 as it pertains to Huntington’s Disease and other cytopathologies, such as Acute Myeloid 
Leukemia.  
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Introduction: 
The nucleolus is the most prominent subcompartment of the nucleus comprising nearly 
25-30% of its total volume (O’Sullivan et al. 2013). As the main cellular center of ribosome 
biogenesis, the nucleolus is composed of three subregions analogous to an assembly line 
(Hadjiolov, 1985). Ribosomal RNA is transcribed in the fibrillar core, processed in the dense 
fibrillar component, and ribosomal assembly takes place in the granular component (Feric et al., 
2016). Biophysical studies of nucleoli have revealed that they are formed from the coalescence 
of highly mobile, liquid-like, immiscible proteins (Brangwynne et al, 2011). These immiscible 
proteins include fibrillarin (Fbl) in the dense fibrillar component and nucleophosmin (Npm1) in  
the granular component. Npm1 is also known as B23 and is unique to higher order eukaryotes 
(Lindstrom, 2011).  
The dynamic properties of Npm1 have implicated the protein in numerous biological 
processes besides simply ribosome biogenesis (Lindström, 2011). For example, the distribution 
of Npm1 may be an indicator of nucleolar stress. In this model, cellular and ribotoxic stresses 
cause Npm1 to leave the nucleolus to interact with stress-related proteins in the nucleoplasm 
(Yang et al., 2018). Observations of Npm1 redistribution and disrupted nucleolar integrity in the 
presence of aggregated proteins, including the mutant huntingtin protein, suggest protein 
aggregation may contribute to diverse diseases, such as Huntington’s Disease and Acute Myeloid 
Leukemia (AML), by triggering nucleolar stress, inhibiting ribosome biogenesis or interfering 
with nucleocytoplasmic transport (Lee et al, 2014; Sönmez et al, 2018; Tsoi & Chan, 2013; 
Woerner et. al 2015). 
Protein aggregation is caused by disfunction in protein homeostasis (proteostasis), 
leading to the accumulation of misfolded or denatured proteins and amyloid-prone proteins in 
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protein aggregates. This phenomenon has been implicated in a wide variety of diseases (Soto and 
Pritzkow, 2018). In individuals affected by Huntington’s Disease, an abnormally long 
polyglutamine (poly(Q)) tract at the N-terminus of the huntingtin protein (HTT) causes it to 
misfold (mHTT; Macdonald, 1993). Expression of mHTT in the budding yeast Saccharomyces 
cerevisiae, a model system for the investigation of protein aggregation (Coughlan et al., 2005), 
can cause cytotoxicity (Meriin et al., 2002), but the molecular basis of the cytotoxicity of mHTT 
remains elusive (Hofer et al., 2018). For example, mHTT and interactors of mHTT are enriched 
in the nucleoli of S. cerevisiae and other model organisms, but how this relates to cytotoxicity of 
mHTT is not perfectly understood (Tsoi & Chan, 2013; Zhao et al., 2018). 
Not all forms of protein aggregation are the same. mHTT forms ordered, potentially 
cytotoxic, amyloid aggregates. Other proteins, such as the firefly luciferase protein, are soluble 
in their native state but are extremely sensitive to temperature-induced misfolding and 
aggregation (Nathan et al., 1997). Other proteins with RNA binding or low complexity domains 
(LCD), such as Npm1, naturally aggregate into phase separated liquid droplets (Feric et al. 
2016). Under certain conditions, LCD-containing proteins can undergo an aberrant phase 
transition to form more stable, amyloid-like aggregates (Manna et al. 2019; Patel et al., 2015). 
Thus, protein aggregation is best represented not as single state but rather a spectrum controlled 
by various factors (Fig. 1F).  
In metazoans the phase separated Npm1 protein coalesces with misfolded proteins, such 
as luciferase, in the nucleolus to prevent the formation of cytotoxic aggregates during heat stress 
(Azkanaz et al., 2018; Frottin et al. 2019). In segregating misfolded proteins to the nucleolus 
during heat stress, Npm1 converts the nucleolus into a protein quality control center (PQC). The 
sequestration of misfolded proteins into PQCs is a cellular strategy for coping with protein 
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aggregation. Eukaryotic PQCs include the aggresome in mammalian cells and the Intranuclear 
Quality Control Center (INQ), Insoluble Protein Deposit (IPOD), and other cytoplasmic foci 
(CytoQ) in yeast cells (Kaganovich et al. 2008; Miller et al. 2015).  
In yeast, disordered aggregates, including heat-denatured firefly luciferase, localize to the 
CytoQ compartments in the cytoplasm and the INQ compartment in the nucleus. Meanwhile, 
ordered aggregates formed by expression of mHTT in yeast were initially classified as inclusion 
bodies (Krobitsch & Lindquist, 2000), and Kaganovich et al. (2008) later classified these 
inclusions as IPODs. Recently published data concludes that the mHTT inclusion bodies seen in 
yeast are not IPOD compartments but rather dynamic phase-separated protein quality control 
compartments (Aktar et al, 2019).  
 Frottin et al. (2019) propose a similar role for the nucleolus as a phase-separated protein 
quality control compartment in metazoans. When coalescing with misfolded proteins upon stress, 
Npm1 can form a gel-like structure limiting the mobility of the misfolded proteins until the cell 
has recovered from stress (Frottin et al., 2019). Whether or not their study relates to aggregation-
prone proteins associated with neurodegenerative disorders, such as mHTT, remains to be seen, 
but it has been suggested that nucleolus-disrupting drugs and amyloid proteins may interfere 
with this process (Amer-Sarsour & Ashkenazi, 2019; Frottin et al. 2019). In this context, the 
Weeks Lab (University of Iowa Department of Biochemistry) has shown that mHTT enters the 
nucleolus after heat shock at 37°C in stage VI oocytes of the frog, X. laevis (Fig. S1). This 
suggests mHTT may be interfering with nucleolar functions, potentially by interacting with 
Npm1 (Pfister, 2016; Pfister, 2019; Sönmez et al, 2018).     
 The formation of PQCs is driven by molecular chaperones (Miller et al. 2015). Molecular 
chaperones are proteins which reduce the toxicity of proteopathic disorders, like Huntington’s 
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Disease, by recognizing aggregated proteins and either refolding them or sending them for 
degradation (Chen et al., 2011). In the nucleolus, Npm1 recruits Hsp70 to promote the refolding 
of misfolded proteins (Frottin et al., 2019), but Npm1 itself may be a molecular chaperone. 
Npm1 is known to have chaperone-like properties (Szebeni & Olson., 1999), and the presence of 
Npm1 reduces the cytotoxicity of mHTT when retained in the nucleus of mouse neurons (Pfister, 
2016). Since yeast is an outstanding model system for the study of molecular chaperones 
(Verghese et al., 2012) and has no Npm1 counterpart, I was interested in testing the idea that 
Npm1 is a molecular chaperone by expressing Xenopus Npm1 heterologously in yeast and 
assaying for chaperone activity.  
 Studies in S. cerevisiae have shown that the heat shock proteins Hsp70 and Hsp104 
function as molecular chaperones and reduce the cytotoxicity of mHTT, but there are many other 
chaperones in this system (Finkbeiner, 2011). To see if Npm1 interacts with mHTT and/or 
disordered aggregates, such as luciferase, I expressed these proteins in S. cerevisiae. S. cerevisiae 
has served as a good model system for the investigation of protein conformation diseases, 
molecular chaperones, and more specifically, Huntington’s Disease (Coughlan et. al, 2005). This 
is because the mechanisms used for controlling proteostasis in yeast, including ubiquitination 
and chaperones, are conserved in all eukaryotes (Lindquist, 2016). Thus, yeast is a unique model 
representing a “clean” cellular room (Hofer et al, 2018). Although neither Npm1 nor mHTT are 
native to S. cerevisiae, introducing foreign proteins into this system could reveal new 
information with potential relevance to human cells (Mohammadi et al. 2015).  
 It is important to know whether Npm1 interacts with mHTT or other aggregated protein 
in eukaryotic cells because this would lend valuable insight into the cytotoxicity of Huntington’s 
Disease, which remains poorly understood (Hofer et al, 2018). Furthermore, the role of Npm1 
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and the nucleolus in regulating protein aggregation remains poorly studied, especially in yeast. A 
greater understanding of nucleolar proteins, like Npm1, in the context of mHTT, would reveal a 
new mechanism of Huntington’s Disease and protein confirmation diseases in general. If mHTT 
interacts with Npm1 in yeast, there is the potential to understand the underlying mechanism from 
a genetic perspective. Lastly, a basic characterization of Npm1 in yeast could precede future 
experiments examining the role of Npm1 in various cellular processes. Here we find that Npm1 
forms nuclear aggregates in S. cerevisiae which have an altered distribution after heat shock. 
During heat shock, mHTT may interfere with the distribution of Npm1.  
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Materials and Methods:  
Cloning and Transformation: 
Bacterial vectors containing red fluorescent protein (RFP) tagged Xenopus npm1 cDNA were 
obtained from the Weeks Lab and amplified in DH5α competent cells (GenScript). npm1-RFP 
was PCR-amplified from the bacterial vector using primers complementary to the yeast 
expression vector, pJF2148. The pJF2148 vector has a 2μ origin of replication and a LEU2 
marker. The amplified NPM1-RFP PCR product was cloned into a SmaI site located between the 
medium-strength ADH1 promotor and terminator using the NEBuilder® HiFi DNA Assembly 
(New England BioLabs). The successful construction of pJF2148-Npm1-RFP (Fig. S2) was 
confirmed by colony PCR and restriction digests. Successful constructs were transformed into 
suitable yeast strains using the lithium acetate (Gietz & Schiestl, 2007) or EZ (ZymoResearch) 
transformation methods.  
mHTT was visualized in OY208 (wild type) and JF2473 (hsp104Δ) strains as HTTQ97 
(HTTQ103 in Krobitsch & Lindquist, 2000) or HTTQ103 (Meriin et al., 2002) fused to a green 
fluorescent protein (GFP). HTTQ97-GFP was expressed from the constitutive TDH3 promotor 
and HTTQ103-GFP from the GAL1 promotor. Both plasmids have a URA3 marker. Firefly 
luciferase was also visualized as a fusion to green fluorescent protein (GFP). The protein was 
expressed from the MET25 methionine-repressible promoter on plasmid with a URA3 marker.  
JF2148-Npm1-RFP was transformed into three diploid strains of S. cerevisiae: OY269 
(wild type), and the OY269 strain carrying either the HTTQ103-GFP or the luciferase-GFP 
plasmid. pJF2148-Npm1-RFP was transformed into eight haploid strains of S. cerevisiae: OY208 
(wild type), JF2473 (hsp104Δ), and both strains carrying either the HTTQ97-GFP (HTTQ103 in 
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Krobitsch & Lindquist, 2000), HTTQ103-GFP (Meriin et al., 2002), or the luciferase-GFP 
plasmid. 
I attempted to clone Fibrillarin-RFP constructs into the pJF2148 vector using the same 
method used to generate the pJF2148-Npm1-RFP vector. I also attempted to clone Fibrillarin-
GFP into pJF2148 and pJF2140, a low copy CEN vector, using the gap repair method (Orr-
Weaver et al., 1983).  
Imaging and Microscopy:  
Prior to imaging, each type of transformant was inoculated into selective media and grown to log 
phase (between 1-2x107 cell/mL) at 30°C. Cells expressing HTTQ103-GFP were grown to log 
phase in 2% raffinose-based or 2% glucose-based selective media, washed, and moved to 
raffinose-based selective media containing 2% galactose 30-90 minutes prior to imaging. Cells 
expressing luciferase-GFP were grown to log phase in selective media lacking methionine.   
Some cells were fixed prior to imaging by suspending them in 100 μL 4% paraformaldehyde 
solution for 15 minutes at room temperature. Fixing the cells did not compromise the reporter 
phenotypes (Fig. S3). 1μL (1μg/mL) DAPI (4′,6-diamidino-2-phenylindole) was added to 
fluorescently stain the DNA within the nucleus. Cells were imaged with the Zeiss Axiocam 
MRm camera. For presentation purposes, images were adjusted for brightness and contrast using 
ZEN software (Zeiss).  
The altered distribution of Npm1 after heat shock was quantified in OY269 cells by 
estimating the circularity and uniform distribution of the RFP signal in individual cells. 
Heat Shock Conditions:  
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Each strain was grown to log phase and heat shocked at 37°C, 42°C, or 45°C for 25 minutes. 
Cells were either imaged directly after heat shock or fixed in 100 μL 4% paraformaldehyde 
solution for 15 minutes at room temperature immediately after heat shock. 
Viability Assay: 
Prior to imaging but after heat shock, 100 μL Trypan Blue was added to 1.5 mL of live log-phase 
culture. Cells that were completely blue on the DIC channel were considered dead. At least 100 
cells were counted for each trial. The experiment was repeated at least three times for each 
condition. The data was plotted using excel. An ANOVA test (vassarstats.net) was used to test 
for significance. An alternative method to count quantify dead cells would have been to count 
cells that were completely red on the RFP channel. This is because Trypan Blue binds the chitin 
cell wall in living cells, emitting strong RFP fluorescence, but dead cells have non-functional 
membranes, so they cannot exclude the dye (Kucsera et al. 2000; Liesche et al. 2015).  
Luciferase-Assay: 
In-vivo assays for monitoring protein refolding were performed as described by Abrams & 
Morano (2013). In brief, methionine (20mL/L) and cycloheximide (CHX; 50μg/mL) were added 
to strains in log phase expressing luciferase-GFP prior to heat denaturation to prevent expression 
of new luciferase protein. Cells were fixed at various times after heat treatment, including t=0, 30 
60 and 90 minutes. Any cells with green puncta in the GFP channel were considered to have 
aggregates. The experiment was repeated three times and at least 100 cells were counted for each 
strain. An ANOVA test (vassarstats.net) was used to test for significance. The exposure time for 
the GFP channel was kept constant for each assay.  
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Results: 
Aggregate Phenotypes in S. cerevisiae : 
In this experiment, the Nucleophosmin (Npm1), firefly luciferase, and mutant huntingtin 
(mHTT) proteins were all heterologously expressed in S. cerevisiae. These proteins form 
different types of aggregates in yeast (Fig. 1F). Npm1 is nuclear in yeast and may consist of 
dynamic, phase separated aggregates, as in X. laevis, (Feric et al. 2016; Hayes et al. 2018; Fig. 
1B) whereas luciferase-GFP and mHTT form higher order aggregates which coalesce into 
multiple puncta (Fig. 1D-F). Luciferase-GFP is soluble at 30°C and forms aggregates upon heat 
denaturation at 42oC (Fig. 1A, C).  
 I used two mHTT constructs in this experiment: HTTQ97-GFP and HTTQ103-GFP. 
These two reporters differ in their aggregation phenotype (Duennwald et al., 2006; Chen et al., 
2017). In most cells expressing HTTQ97-GFP, puncta take the form of a single large inclusion 
body (Fig. 1D; Fig. S7A).  Inclusion bodies are indicative of compartmentalized aggregates 
(Aktar et al., 2019). In contrast, cells expressing HTTQ103-GFP display multiple small puncta 
(Fig. 1E; Fig. S7B). HTTQ103-GFP is a very similar construct to HTTQ97-GFP, but it has a 
longer polyQ tract length (103 glutamines as opposed to 97), and it lacks the proline-rich 
sequence, which immediately follows the polyQ tract of HTTQ97-GFP (Krobitsch & Lindquist, 
2000; Meriin et al., 2002).   
I also used two different haploid genotypes: The wildtype strain (OY208) has a full 
chaperone complement whereas the hsp104Δ strain (JF2473) lacks the gene encoding the 
molecular chaperone Hsp104. mHTT colocalizes with Hsp104 in wildtype cells (Aktar et al, 
2019) and does not form aggregates without Hsp104 (Krobitsch & Lindquist, 2000). As 
expected, most cells from hsp104Δ strains expressing either mHTT protein do not form 
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aggregates (Krobitsch & Lindquist, 2000) (Fig. S7C-D) – only 4% (n=102) of cells with 
HTTQ97-GFP and 3% of cells with HTTQ103-GFP (n=120).   
Nucleophosmin forms nuclear aggregates in yeast cells:  
Since there are no published reports of NPM1 expressed in S. cerevisiae, I first sought so 
introduce the NPM1 gene and evaluate the aggregation status and localization of this protein in 
yeast. NPM1-RFP was expressed constitutively (Romanos et al., 1992) under the medium-
strength alcohol dehydrogenase (ADH1) promoter (Fig. S2). All of my observations were carried 
out in log phase.  
 The aggregation status of Npm1 was determined by observing the fraction of cells 
expressing Npm1 with a punctate RFP signal. Npm1 forms a punctate RFP signal in 100% 
(n=102) of cells expressing the protein, strongly indicating that Npm1 forms aggregates in S. 
cerevisiae. Since I expected Npm1 to be nuclear (Hayes et al. 2018), I evaluated the localization 
of Npm1 when expressed heterologously in haploid (OY208) and diploid (OY269) strains of S. 
cerevisiae by using DAPI, a DNA-specific stain to mark the nucleus. Under normal growth 
conditions, Npm1 colocalizes with DAPI in all cells where the DAPI stain and RFP signal are 
both visible (Fig. 2; Fig. 3A), signifying its nuclear localization.  
 However, the nuclear distribution of Npm1 is discernibly different after heat shock at 
42.5°C. This is apparent in both diploid (Fig. 3B-C), and haploid (Fig. S4B) cells. The altered 
distribution of Npm1 was quantified in OY269 cells by visually estimating the circularity and 
uniform distribution of the RFP signal throughout the nucleus in individual cells. After heat 
shock, Npm1 has an altered distribution in about 87% (n=97) of cells, compared to fewer than 
4% (n=169) of cells in cultures that had not been heat shocked. In OY269 cells exposed to heat 
shock, it is evident that while Npm1-RFP continues to colocalize with DAPI, the signal is most 
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intense in an area near the DNA-stain, perhaps at the periphery of the nucleus (Fig. 3B-C). It 
remains to be seen if this area is the intranuclear quality control compartment (INQ) or the 
nucleolus. When both Npm1-RFP and luciferase-GFP are expressed in the same cell, Npm1 still 
redistributes after heat shock (Fig. 3C). This is evident in about 90% (n=144) of cells.  
Luciferase-GFP may colocalize with Nucleophosmin during Heat Stress: 
Because nuclear firefly luciferase colocalizes with Npm1 in the nucleolus after heat shock in 
human cells (Frottin et al. 2019) and disordered aggregates are imported into the nucleus after 
heat shock in yeast cells (Miller et al. 2015), I wanted to see if luciferase aggregates would 
colocalize with Npm1 in S. cerevisiae.  
After exposure to 42.5°C, luciferase-GFP forms aggregates throughout the cell but the 
GFP signal is most intense adjacent to the nuclear DNA, in the vicinity of the subnuclearly 
localized Npm1-RFP punctum, (Fig. 4B-C). This juxtaposition of the Npm1-RFP signal and the 
most intense portion of the luciferase-GFP signal is evident in 62% (n=114) of cells from the 
OY269 diploid strain but is not readily apparent in haploid strains (Fig. S5).  
To see if Npm1 functions as a molecular chaperone, a luciferase refolding assay (Abrams 
& Morano, 2013) was performed on haploid cells to see if Npm1 alters the rate of 
resolubilization for the luciferase-GFP protein after heat shock. No significant difference in the 
resolubilization rate was observed between wildtype strains and strains expressing Npm1-RFP 
(Fig. 5).  
HTTQ103 interferes with the distribution of Npm1 after heat shock:   
Since mHTT triggers nucleolar stress (Tsoi & Chan, 2013), the Weeks Lab (University of Iowa 
Department of Biochemistry) was interested in testing the localization of mHTT in X. laevis.  
They found that Npm1 moves to oocyte nucleoli after heat shock (Fig. S1). Given the nucleolar 
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localization together with the observation that Npm1 coalesces with aggregated proteins during 
stress conditions (Frottin et al., 2019), I asked if Npm1 and mHTT colocalize or otherwise 
interact in S. cerevisiae. Although HTT aggregates are primarily cytoplasmic in yeast, some 
nuclear aggregates have been detected (Sokolov, 2006). Npm1-RFP was introduced into 
wildtype diploid and haploid strains containing HTTQ103-GFP and HTTQ97-GFP plasmids as 
well as hsp104Δ haploid strains containing both plasmids. Fluorescent microscopy was 
performed to look for colocalization.  
 I found that HTTQ103-GFP forms mainly cytosolic aggregates and also some foci near 
the nuclear region (marked by Npm1-RFP), but it does not colocalize with Npm1-RFP (Fig. 6A; 
Fig. S8C). Npm1-RFP does not alter the solubility of mHTT in hsp104Δ cells (Fig. S8B, D). The 
absence of colocalization was not unexpected since the proposed chaperone-like functions of 
human Npm1 are only observed during stress (Frottin et al., 2019; Yang et al., 2018), and the 
Weeks Lab did not observe colocalization of Xenopus Npm1 and mHTT before heat shock.  
To examine the impact of thermal stress on Npm1 in yeast expressing mHTT, each culture was 
subjected to heat shock at 42°C for 25 minutes prior to imaging. HTTQ103-GFP and Npm1-RFP 
still do not colocalize after heat shock (Fig. 6B; Fig. S8C). Npm1-RFP remains in the nucleus 
and HTTQ103 remains cytoplasmic, but somehow interferes with the distribution of Npm1. 
Whereas heat shock altered the distribution of Npm1-RFP within the nucleus in about 87% 
(n=97) of cells without HTTQ103-GFP, (Fig. 3B-C), this phenotype is observable in only 12% 
(n=126) of cells expressing HTTQ103-GFP.   
Furthermore, in 25% (n=105) of cells expressing both proteins, Npm1-RFP also forms 
cytoplasmic puncta (Fig. 7). These cytoplasmic puncta do not colocalize with HTTQ103-GFP, 
and they are seen in less than 7% (n=198) of cells without mHTT. 
13 
 
Npm1 colocalizes with HTTQ97 and confers altered thermotolerance: 
While HTTQ97-GFP and Npm1-RFP do not colocalize in haploid cells (Fig. 8A-B), Npm1-RFP 
colocalizes with HTTQ97-GFP inclusion bodies (Fig.8) in about 50% (n=42) of diploid cells 
where RFP puncta and GFP puncta are visible. This colocalization is apparent in only 25% 
(n=27) of cells after heat shock.   
A final, interesting point to make about Npm1 and mHTT is the altered thermotolerance of 
cells expressing both proteins. Npm1 is considered a stress sensor (Yang et al., 2018), has 
chaperone-like properties (Szebeni & Olson, 1999), and has been shown to alter the viability of 
mouse neurons expressing cytotoxic mHTT constructs (Pfister et al., 2016). For this reason, I 
wanted to see if the presence of Npm1, mHTT, or both altered the sensitivity of S. cerevisiae to 
heat shock. Wildtype and hsp104Δ strains expressing Npm1-RFP, HTTQ97-GFP or HTTQ103-
GFP, both, or neither were grown to log phase and heat shocked at three separate temperatures. 
After heat shock, cell death was assessed using the dye Trypan Blue, which stains dead cells 
blue. After heat shock at 37°C and 42°C each strain exhibited roughly the same amount of cell 
death. After heat shock at 45°C, cells expressing both HTTQ97-GFP and Npm1 experience 
significantly less cell death than cells expressing no reporters or just one reporter (Fig. 9B).  
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Discussion and Future Directions:  
In this study, I used yeast as a model system to investigate the behavior of the Nucleophosmin 
(Npm1) protein in the context of protein aggregation. To do this I introduced X. laevis Npm1, 
mutant (having an expanded glutamine tract) huntingtin protein, and firefly luciferase into strains 
of S. cerevisiae. I used fluorescent microscopy to evaluate the aggregation status and localization 
of Npm1 in yeast. I then characterized mHTT and Luciferase when they are together in the same 
cell with Npm1. I also explored the localization of these proteins when the yeast cells were 
exposed to heat shock to determine whether heat shock induces Npm1 to colocalize with 
aggregates, and in particular, whether Npm1 associates or otherwise interacts with mHTT, as 
suggested to occur in X. laevis oocytes by our colleagues in the Weeks lab.  
 Our data indicates that Npm1 may coalesce into a subnuclear aggregate in S. cerevisiae 
after heat shock. In X. laevis the type of aggregates formed by Npm1 are liquid-liquid phase 
separated (LLPS; Feric et al., 2016).  To confirm the LLPS properties of Npm1, I could do 
fluorescence recovery after photobleaching (FRAP). Not only would a FRAP analysis confirm 
that Npm1 is phase separated in S. cerevisiae, but a slower fluorescence recovery in the presence 
of other aggregates would signify a gel-like structure, implying colocalization with aggregates 
(Frottin et al. 2019; Wang et al. 2019).   
 Since Npm1 always colocalizes with DAPI, I conclude that Npm1 is localized to the 
nucleus in S. cerevisiae.  In higher order eukaryotes, Npm1 has a strong nucleolar presence 
(Feric et al. 2016; Yang et al. 2018), however, I was unable to evaluate nucleolar localization 
because plasmids constructed to express the nucleolarly localized Xenopus fibrillarin gene in 
yeast, were unstable or toxic in yeast. Based on the observation that the Npm1-RFP signal tends 
to cover the entire DAPI signal in yeast cells, I propose that only a fraction of Npm1 would be in 
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the yeast nucleolus. A nuclear pore protein, such as Nsp1, and a nucleolar protein, such as Nop1 
or Fibrillarin, would provide a better image of Npm1’s subnuclear localization. 
 After heat shock at 42.5°C, Npm1 seems to localize mainly to a smaller region of the 
nucleus. This is essentially the opposite phenotype seen in mammalian cells where cellular and 
ribotoxic stresses cause Npm1 to relocate from the nucleolus to the nucleoplasm (Yang et al. 
2015). For this reason, I would be curious to know if this subnuclear enrichment after heat stress 
is a general stress response of Npm1, to various types of stress, including oxidative and UV, or 
simply the response to heat stress. A FRAP analysis would reveal if Npm1 is less mobile in this 
region, consistent with the presence of aggregates.  
 Indeed, luciferase aggregates are enriched in the same region as Npm1 after heat shock. 
Previous studies have determined that misfolded proteins in yeast, including firefly luciferase, 
are sequestered to cytoplasmic and nuclear compartments by compartment-specific aggregases 
(Kaganovich et al. 2008) such as Hsp42, which directs misfolded proteins to cytoplasmic foci 
(CytoQ), and Btn2, which directs misfolded proteins to the intranuclear quality control 
compartment (INQ; Miller et al., 2015). Both compartments contain the molecular chaperone 
Hsp104, which aids in the refolding process. Since nuclearly directed luciferase is known to 
localize to the nuclear INQ compartment after heat shock (Miller et al. 2015), it is unclear 
whether this area where luciferase co-resides with Npm1 is the nucleolus or the INQ. Perhaps the 
best way to determine the subnuclear location of Npm1 and luciferase after heat shock would be 
to mark the INQ with Btn2 and the nucleolus with Fibrillarin, or Nop1, the yeast homolog. 
 If luciferase and Npm1 colocalize in the nucleolus after heat shock, as described by 
Frottin et al. (2015), I would expect this colocalization to disappear in the presence of 
Actinomycin D, a chemotherapy agent which removes Npm1 from the nucleolus by inhibiting 
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the action of RNA polymerase (Brodská et al., 2016; Sobell, 1985). If this subnuclear 
compartment does not disappear in the presence of Actinomycin D, then it is likely not the 
nucleolus. If this subnuclear compartment is the INQ, this would indicate that the INQ 
complements the mammalian nucleolus as the nuclear protein quality center in yeast. When Btn2 
and Hsp42 are knocked out (hsp42Δbtn2Δ) in S. cerevisiae, misfolded nuclear proteins are not 
sequestered to any cellular compartments but rather remain soluble within the nucleus (Miller et 
al. 2015). It would be interesting to see if Npm1 could complement this mutant strain by 
converting the nucleolus into a protein quality control center. 
 I tried to express X. laevis Fibrillarin (Fbl) in yeast for multiple reasons. The primary 
reason was to mark the nucleolus, but I was also interested in knowing if Fbl altered the phase 
separated properties, and therefore the protein quality control, properties of Npm1. This is 
because Fbl was shown to be involved in the formation of nucleoli in X. laevis oocytes by phase 
separating with Npm1 (Feric et al. 2016). Furthermore, many yeast nucleolar proteins, including 
Nop1/Fibrillarin, move from the nucleolus to the cytoplasm during stress conditions (Lewinska 
et al, 2010; Liu et al. 1996). It would be interesting to see if Npm1, which forms the outermost 
component of the nucleolus, prevents this translocation by retaining Fibrillarin and other 
nucleolar proteins in the nucleolus or the nucleus after heat shock. Unfortunately, I was not able 
to visualize the nucleolus with our constructs. In fact, the protein expressed by our constructs 
seem to be degraded into some sort of GFP-tagged byproduct, where the protein forms cytosolic 
puncta or is no longer visible after a few generations. (Fig. S9). Since X. laevis Fbl complements 
yeast Nop1 (Jansen, 1991), and excess Nop1 is cytotoxic (Morshed et al., 2019), it is likely that 
our Fbl constructs are cytotoxic. Since Fbl and Nop1 are orthologs, it may be advantageous to 
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simply mark the nucleolus with Nop1 and see if it interacts with Npm1 the same way Fbl 
interacts with Npm1 in X. laevis.  
 Since Npm1 has molecular chaperone functions (Szebeni & Olson, 1999) and it seems to 
colocalize with aggregated luciferase, I performed a luciferase resolubilization assay to see if 
Npm1 alters the protein refolding rate of luciferase that has been heat denatured (Abrams & 
Morano, 2013). I found that Npm1 made no significant difference in the rate of luciferase 
resolubilization. However, this assay was performed on haploid cells, where luciferase and 
Npm1 do not appear to co-localize near the nucleus and has not yet been performed in the 
diploid (OY269) strain in which the co-localization of luciferase and Npm1 is more evident.  
 In addition to luciferase, I also wanted to see if Npm1 colocalizes or otherwise interacts 
with the mutant huntingtin protein, which forms highly structured, potentially cytotoxic amyloid 
fibrils in S. cerevisiae (Chernova et al. 2019). HTTQ103 (Meriin et al., 2002), does not 
colocalize with Npm1, regardless of heat shock. This is contrary to observations in X. laevis 
oocytes where mHTT is translocated to the nucleolus after heat shock. However, this seemingly 
contradictory result was expected since in Xenopus, mHTT puncta are found throughout the cell, 
including the nucleus, whereas in yeast, mHTT generally does not form aggregates in the nucleus 
but rather forms cytoplasmic inclusion bodies, where it colocalizes with the molecular chaperone 
Hsp104 (Aktar et al. 2019; Kaganovich et al., 2008). It may be that Hsp104, which forms a gel-
like structure with mHTT (Aktar et al. 2019) similar to the one Npm1 forms with luciferase in 
Hela cells (Frottin et al. 2019), prevents mHTT from moving to the nucleolus. 
 I speculated that Npm1 and mHTT might colocalize in hsp104Δ strains, where Hsp104 is 
not expressed, but mHTT is largely soluble in the absence of Hsp104 and fails to aggregate 
(Krobitsch & Lindquist, 2000). Another approach would be to construct a fusion of mHTT with 
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a Nuclear Localization Signal (NLS), as mHTT does not require Hsp104 to form nuclear 
aggregates (Cao et al., 2001). 
Since mHTT does not usually form nuclear aggregates without an NLS signal, an 
alternative method to see if mHTT and Npm1 colocalize in vitro is to move Npm1 to the 
cytoplasm. In this manner, both proteins would be in the same compartment. To do this, I would 
use human NPM1c+. NPM1c+ is the mutant form of NPM1 associated with Acute Myeloid 
Leukemia (AML).  NPM1c+ is localized to the cytoplasm instead of the nucleolus due to a four-
nucleotide frameshift at its the C-terminus, which changes a Nucleolar Localization Signal to a 
Nuclear Export Signal. It would be interesting to see if NPM1c+ colocalizes with mHTT or 
luciferase in the cytoplasm as both proteins have been shown to interact with Npm1.  
Another experimental direction that could provide insight into the pathogenesis of AML 
would be investigating the aggregation status of NPM1c+ in yeast. The cytosolic accumulation of 
the truncated Npm1 protein is hypothesized to be due to (i) the amyloidogenic properties of the 
C-terminus and/or (ii) the loss and gain of localization signals (Scognamiglio et al. 2016). If 
NPM1c+ expression resulted in cytotoxic aggregates in S. cerevisiae, yeast might prove to be a 
suitable model system for future studies investigating the behavior and interactions of NPM1c+ 
in the context of AML. 
Although HTTQ103 does not colocalize with Npm1, it does seem to affect Npm1. While 
the Npm1-RFP protein concentrates in a subnuclear location after heat shock where it appears to 
co-reside with aggregated proteins like luciferase, Npm1-RFP continues to exhibit a diffuse 
nuclear localization when HTTQ103 is present. This suggests that the mutant huntingtin protein, 
and potentially other amyloid proteins, may interfere with Npm1’s ability to convert the 
nucleolus into a protein quality control center. To test this hypothesis, I would like to express 
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HTTQ103, Npm1, and luciferase to see if luciferase still colocalizes with Npm1 when HTTQ103 
is present in the same system. Also, since mHTT and prions have a similar structure (Chernova 
et al. 2013), I would be curious to see if overexpression of prions in yeast cells alters the 
phenotype of Npm1. 
If Npm1 is normally in the nucleolus after heat shock, and mHTT interferes with its 
nucleolar distribution, this would not be entirely surprising as interactors of expanded Htt are 
enriched in nucleolar proteins in S. cerevisiae (Zhao et al. 2018), and mHTT is known to 
interfere with nucleolar functions in numerous organisms and tissues (Lee et al, 2014; Sönmez et 
al, 2018; Tsoi & Chan, 2013). If Npm1 is normally in the INQ after heat shock, it may be that 
mHTT is preventing the redistribution of Npm1 to the INQ because HTTQ103-GFP is 
sequestering the Hsp104 protein, which is a component of the INQ (Miller et al., 2015).  
Another interesting phenotype of Npm1 in the presence of HTTQ103 is that in about a 
third of cells expressing both proteins, Npm1 forms cytoplasmic puncta. These puncta do not 
colocalize with HTTQ103.  
I also transformed HTTQ97, another construct of mHTT (Krobitsch & Lindquist, 2000), 
into strains of yeast expressing Npm1. In haploid cells, the phenotype is the same as HTTQ103, 
where HTTQ97 is in the cytoplasm and it does not colocalize with Npm1 in the nucleus. In 
diploid cells however, HTTQ97 puncta colocalize with Npm1 in about 50% (n=42) of cells 
expressing both proteins. In one experiment, there was minimal (<1%) colocalization in haploid 
cells.  A possible role for ploidy in this phenotype awaits further investigation. 
 A final experiment to investigate the proposed chaperone-like qualities of Npm1 and to 
indicate possible functional interaction between Npm1 and mHTT, was a heat shock tolerance 
assay. This assay demonstrated that cells expressing both HTTQ97-GFP and Npm1-RFP 
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experienced less cell death after heat shock at 45°C than cells expressing either or neither gene. 
This would suggest that Npm1 may have some sort of protective role. Npm1 may play some role 
in reducing toxicity of huntingtin aggregates, but the results are not definitive.  
 In conclusion, this study was the first to introduce the Nucleophosmin protein 
heterologously into S, cerevisiae. I discovered that Npm1-RFP is nuclearly localized in S. 
cerevisiae, and that it redistributes to a subnuclear location after heat shock, where it appears to 
reside near luciferase-GFP puncta. This suggests Npm1 may be involved in nuclear protein 
quality control in S. cerevisiae. The presence of the expanded Q mHTT (HTTQ103) prevents the 
redistribution of Npm1 and may interfere with the function of Npm1 in protein quality control. 
Npm1 and protein aggregation are important in cell biology and human disease, and future 
studies in yeast may provide further insight into the pathophysiology of Huntington’s Disease, 
Acute Myeloid Leukemia, and other cytopathologies.  
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Figures : 
Figure 1: 
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Figure 1. Aggregate phenotypes in S. cerevisiae: OY269 cells were transformed with 
plasmids expressing Npm1-RFP (B), Luciferase-GFP (A, C), HTTQ97-GFP (D), and 
HTTQ103-GFP (E). Cells were grown to log phase at 30°C and heat treated at 42.5°C for 25 
minutes (C). (F) Types of aggregates (used with permission, Michael  Hayes and Daniel 
Weeks, University of Iowa Department of Biochemistry).  
Hayes and Weeks (2016) BioOpen 
A B C D E 
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Figure 2: 
 3:  
 
 
 
 
 
 
 
 
  
Figure 2. Npm1 is localized to the 
nucleus in S. cerevisiae: Wildtype 
cells expressing Npm1-RFP were 
grown to log phase (1-2x10^7 
cell/mL) at 30°C and stained with 
DAPI, a nuclear stain. (A) Npm1-
RFP (red) and DAPI (turquoise) 
colocalize in the OY269 diploid 
strain. (B) Npm1-RFP and DAPI 
colocalize in the OY208 haploid 
strain 
Merge RFP DAPI 
A 
B 
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Figure 3: 
 
 
  
Merge RFP DAPI 
Figure 3.  Npm1-RFP has an 
altered nuclear distribution after 
heat stress: OY269 cells expressing 
Npm1-RFP were grown to log phase 
at 30°C and stained with DAPI, a 
nuclear stain. (A) No heat shock; 
same as figure 1A (B) Heat shock: 
42.5°C for 25 minutes (C) OY269 
cells expressing Npm1-RFP and 
Luciferase-GFP were grown to log 
phase and imaged after heat shock. 
B 
A 
C 
GFP 
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Figure 4 : 
 
 
 
 
 
 
 
 
 
 
 
  
B 
C 
Merge RFP GFP DAPI 
Figure 4. Luciferase aggregates are enriched in Npm1 foci after heat stress: OY269 cells 
expressing Npm1-RFP and Luciferase-GFP were grown to log phase at 30°C (A) and heat shocked at 
42°C for 25 minutes (B-C). The cells were stained with DAPI prior to imaging. Intensity/contrast 
were adjusted with ZEN blue (Zeiss).  
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Figure 5: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Luciferase Assay to monitor protein refolding in haploid cells: Methionine and 
cycloheximide (CHX) were added to strains expressing Luciferase-GFP to prevent expression 
of new Luciferase protein. Cells were fixed immediately after heat shock, 30 minutes after 
heat shock, 60 minutes, and 90 minutes. Any cells with green puncta in the GFP channel were 
considered to have aggregates. The exposure time for the GFP channel was kept constant for 
each assay. Error bars indicate standard deviation. Lack of significance was confirmed with 
an ANOVA1 test (vassarstats.net). 
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Figure 6. Npm1 and HTTQ103 do not 
colocalize in S. cerevisiae: OY269 cells 
expressing Npm1-RFP and HTTQ103-
GFP were grown to log phase at 30°C  
(A) No heat shock (B) Heat shock: 
42.5°C for 25 minutes 
Merge RFP GFP 
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Figure 7: 
 
 
 
 
 
 
 
 
 
 
 
 
  
A B Figure 7. HTTQ103 prevents the 
redistribution of Npm1 after heat 
shock: OY269 cells expressing 
Npm1-RFP and HTTQ103-GFP 
were grown to log phase at 30°C  
(A) No heat shock (B) Heat shock: 
42.5°C for 25 minutes. Arrow 
indicate cytoplasmic puncta 
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Figure 8 :  
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Figure 8.  Npm1 may colocalize with HTTQ9: Diploid transformants 
expressing Npm1-RFP and HTTQ97-GFP were inoculated in glucose-
based selective media and grown to log phase at 30°C  (A) No heat shock 
(B) Heat shock: 42.5°C for 25 minutes 
GFP RFP Merge 
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Figure 9: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Cells expressing both Npm1-RFP and HTTQ97-GFP are more resistant to heat shock: 
Prior to imaging, wildtype and hsp104Δ cells with no plasmids (A) and each type of transformant ((B) 
HTTQ97-GFP and Npm1-RFP, (C) Npm1-RFP, (D) HTTQ97-GFP) were grown to log phase (1-2x107 
cell/mL), and subjected to no heat shock, 37°C, 42°C, or 45°C. Dead cells were stained with Trypan 
Blue and quantified. Each graph is an average of three trials. Error bars indicate standard deviations. 
Asterisks indicate significance (p<0.05) according to an ANOVA1 test (vassarstats.net).  
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Supplemental Figures:  
Figure S1: 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure S1. HTTQ97 enters the nucleolus after heat shock: 1 ng of Npm1-RFP mRNA and 0.5 
ng of HTT (Q97)-GFP plasmid DNA were injected into stage VI Xenopus laevis oocytes. The 
oocytes were incubated for 48 hours to allow the proteins to be made. Some of the oocytes were 
subject to heat shock (30 min @ 37˚C) after 48 hours. The nuclei were then extracted from the cells 
and imaged using fluorescence. Both proteins are present in the both the nucleus and the nucleoli. 
In the nucleoli, HTT (Q97)-GFP appears to coalesce with Npm1-RFP.  Data reproduced with 
permission from Anna Greenwood, Irini Petros, Daniel Weeks, University of Iowa Department of 
Biochemistry 
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Figure S2 : 
 
 
 
 
 
 
 
 
 
 
 
 
  
Npm1 Yeast 
Expression Vector 
9123 BP
Initiation site for 
replication, allows 
for multiple copies 
(50+) 
Initiation of 
transcription 
The Xenopus 
Nucleophosmin 
gene 
Red Fluorescent 
Protein 
Termination of 
transcription 
Selection marker, 
required for survival 
in the absence of 
leucine 
Figure S2. JF2148-Npm1-RFP: Red fluorescent protein (RFP) tagged Xenopus npm1 cDNA was 
obtained in a bacterial vector from the Weeks Lab. npm1-RFP was PCR-amplified from the 
bacterial vector using primers complementary to the yeast expression vector, pJF2148. The 
pJF2148 vector has a 2μ origin of replication and a LEU2 marker. The amplified NPM1-RFP 
PCR product was cloned into a SmaI site located between the medium-strength ADH1 
promotor and terminator using the NEBuilder® HiFi DNA Assembly (New England 
BioLabs). 
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Figure S3: 
 
 
 
 
 
 
 
 
  
Figure S3. Fixing the cells does not 
compromise reporter phenotypes: Wildtype 
cells expressing HTTQ97-GFP and Npm1-RFP 
were grown to log phase (1-2x107 cell/mL). (A) 
Cells were fixed by suspending them in 100μL 
4% paraformaldehyde solution for 15 minutes . 
(B) The cells were not fixed prior to imaging.  
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Figure S4: 
 
 
 
 
 
 
 
  
Figure S4.  Npm1-RFP is 
phenotypically different after heat 
shock in haploid cells: OY208 cells 
expressing Npm1-RFP were grown to 
log phase (1-2x10^7 cell/mL) at 30°C 
(A) No heat shock; (B) Heat shock: 
42.5°C for 25 minutes 
A B 
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Figure S5: 
 
 
 
 
 
 
 
  
Figure S5. Npm1-RFP 
and Luciferase-GFP in S. 
cerevisiae haploid cells: 
OY208 cells expressing 
Npm1-RFP and Luciferase-
GFP were grown to log 
phase (1-2x10^7 cell/mL) 
at 30°C (A) No heat shock 
(B) Heat shock: 42.5°C for 
25 minutes 
A 
B 
Merge RFP GFP 
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Figure S6 : 
 
 
 
 
 
 
Figure S7: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. Luciferase aggregates may colocalize with Npm1 after heat stress: OY269 cells 
expressing Npm1-RFP and Luciferase-GFP were grown to log phase at 30°C and heat shocked at 42°C 
for 25 minutes. The cells were stained with DAPI prior to imaging. The exposure times for GFP and 
RFP, 550ms and 800ms, respectively, are higher than usual (40-100ms for GFP and 200-400ms for RFP).  
Merge RFP GFP DAPI 
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Figure S7:  
 
 
 
 
 
 
 
 
  
Figure S7. Mutant HTT has several forms in 
yeast: Wildtype cells and cells lacking Hsp104 
(hsp104Δ) expressing HTTQ97-GFP or 
HTTQ103-GFP were imaged in log phase (1-
2x10^7 cell/mL cell/mL). (A) In wild type yeast 
cells, which have Hsp104, HTTQ97 forms visible 
puncta – indicative of aggregates, (B) and 
HTTQ103 forms multiple puncta – also indicative 
of aggregates (C) In hsp104Δ cells, HTTQ97 
remains soluble (D) as does HTTQ103.  
A C 
B D 
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Figure S8: 
 
 
 
 
 
 
  
 
  
 
 
 
 
  
Figure S8. Heat shock does not alter the localization of Npm1 and HTTQ97 or HTTQ103 
in haploid S. cerevisiae: Wildtype cells expressing HTT-GFP and Npm1-RFP were grown to 
log phase (1-2x107 cell/mL) at 30°C, subjected to either no heat shock, or heat shock at 42°C 
for 25 minutes prior to imaging. They were then stained with DAPI. In wild type cells (A and 
C), both Npm1-RFP and HTTQ97-GFP (A) or HTTQ103-GFP (C) remain in their respective 
compartments. Likewise, in hsp104Δ cells (B and D), HTTQ103-GFP and HTTQ97-GFP 
remain soluble while Npm1-RFP remains in the nucleus (turquoise).  
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Figure S9 
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Figure S9. X. laevis Fibrillarin-GFP is 
degraded in S. cerevisiae: Fibrillarin-
GFP was cloned into the high copy 
pJF2148 (A, B, D) vector and the low 
copy pJF2140 vector (C) via gap repair. 
Transformants were selected directly 
from the plate (A, C, D) or subcultured 
in selective media and grown to log 
phase (1-2x10^7 cell/mL) at 30°C (B). 
Fibrillarin-GFP was transformed into 
haploid OY208 wildtype cells and 
OY208 cells expressing  Npm1-RFP 
(D). 
D 
Merge RFP GFP 
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